The contributions of inter-valence band (IVB) transitions to the dielectric function (DF) by free holes among the split-off (so), light-hole (lh) and heavy-hole (hh) bands were investigated. A model was developed to determine the DF of two p-type semiconductors, GaAs and Ge 1Ày Sn y with the Zinc-blend and Diamond crystal structures, respectively. The IVB transitions dominate the spectral range between 0.1-1eV with respect to the spin-orbit splittings between so-hh and lh-hh bands. In conjunction with inter-band transitions, free-carrier and lattice absorption, a complete DF model allows the determination of optical constants with improved accuracy in the spectral range covering both ultraviolet and infrared regions. The model should be applicable to most of the group III-V and IV materials since their valence band structures resemble the ones under investigation.
I. INTRODUCTION
The optical response of semiconductors can be described by the dielectric function (DF) which is determined in terms of various optical processes, such as band-to-band (BB) transitions, photon-phonon interactions (lattice absorption), intra-band and inter-valence band (IVB) transitions in the presence of free holes. For BB transitions, critical points (CPs) are known to play an important role in the DF 1 as the associated joint density of states (JDOS) exhibits strong variations with photon energies in the vicinity of CPs. The analytical form of the DF can be deduced in terms of singularity types according to the behavior of JDOS expanded into polynomial k terms around CPs. The resulting DF is known as the Adachi's model dielectric function (MDF). 1 In addition, Elliott 2 presented a theory considering the electron-hole Coulomb interactions under the approximation of isotropic parabolic bands. The DF model 3 is thus, derived with the absorption of Wannier excitons which includes discrete excitonic lines below the bandgap and a continuum of absorption above the bandgap. Both models have successfully presented the DF in a variety of materials. 1, 4 However, only inter-band transitions [referred as Band to Band (BB) transitions below], i.e., from the valence bands (VBs) to the conduction band (CB), are considered to account the DF measured on intrinsic materials. In the presence of free holes, two effects, i.e., intra-band indirect [referred as free carrier (FC) below] and IVB direct transitions, contribute to the DF. The DF modeling of FC absorption based on the classic Drude theory 5 has been employed for doped materials in previous works [6] [7] [8] [9] showing good agreement with experiments, whereas, IVB modeling receives less attention.
In a semiconductor where free holes are present, IVB transitions can occur among the split-off (so), light-hole (lh) and heavy-hole (hh) bands each with two-fold spin degeneracy.
Each pair of transitions produces a characteristic absorption peak, leading to three separate peaks as observed in lightly doped samples. 10 Recently, highly p-doped semiconductors have attracted attention for optical studies on the absorption properties 11, 12 and the infrared DF 13 as well as applications to hetero-junction internal photoemission detectors. [14] [15] [16] As both IVB and FC absorption depend on the concentration of free holes, total absorption coefficient (a) of heavily doped materials can be higher than that based on BB transitions in the same spectral region, e.g., the HgCdTe ternary alloy. 17 As far as the absorption properties is concerned, highly pdoped semiconductors would be attractive for several applications. For instance, recent works 15, 16 as demonstrated in internal photoemission type detectors 14 have shown infrared detection capability from the short-wave 15 (1-3 lm) to the long-wave 16 infrared (8-14 lm) range at high operating temperatures (up to 330K). Therefore, a model dealing with the IVB transitions will be of interest for practical applications as well as for fundamental research, since the doping scheme is essential for semiconductor structures. Furthermore, accurate simulation and design of structures need proper handling of doping effects including the IVB transitions for calculating optical constants.
A straightforward approach regarding IVB absorption is to start from band-structure calculations. 18, 19 Under the framework of k Á p perturbation theory, Kane 18 presented a three-band model and calculated absorption spectra for p-type Ge and Si. A more accurate handling of the VB structure was performed by Arthur et al. 19 with an 18 Â 18 k Á p treatment. Since transitions between energy states near the C point are primarily responsible for optical absorption, a proper approximation to the VB around C point, as opposed to complete presentation in the entire BZ, should be sufficient, which brings about the parabolic-band approximation. This feasibility was illuminated in Kahn's work. 20 However, Kahn's formula was deduced with the Boltzmann statistics and no line-shape broadening was considered, which is the case for lower doped samples. The presence of dopants enhances carrier scattering probability, resulting in a relaxation of the selection rule and hence the line-shape broadening. 21 For the DF model being able to be applicable to high doping levels, these factors need to be addressed.
In this work, a DF model for IVB transitions was deduced with analytical expressions under the parabolic-band approximation. In addition to Kahn's works, 20 Huberman et al.
11 calculated the lh-hh absorption to interpret their measurements on highly p-doped GaAs. Songprakob et al. 12 calculated the optical matrix element based on analytical expressions deduced by Kane 18 and incorporated the Lorentzian oscillator-type broadening. D'Costa et al. 13 used two or three Gaussian oscillators to fit to their measured spectra depending on the number of observed peaks. All these studies concentrate on the highly doped cases (> 10 19 cm À3 ). This work starts from the exact expression 22 of the DF imaginary component (e 2 ) by applying parabolic-band approximation. The deduced DF is able to fit to different materials with varied doping concentrations from low values (e.g., 10 16 cm À3 ) up to 10 20 cm À3 . In contrast to reported absorption spectra, 11, 12 the current model gives the complex DF of p-type GaAs which will be useful for device design. A strength constant empirically involves the momentum matrix element and results from the fitting to experiments. The line-shape broadening is introduced using the method similar to that of BB transitions. 3 The discussing IVB model completes the complex DF with other contributions from BB transitions, FC and lattice absorption, resulting in the fitting for a wide range of photon energies, namely, 0.01-6eV in this work. The DF of two representative p-type semiconductors, GaAs and Ge 1Ày Sn y with the Zinc-blend and Diamond types of crystal structures, respectively, was determined. The Ge 1Ày Sn y grown on Si substrate was recently reported by D'Costa et al., 13 showing promising applications in optical communications combined with the capability of electronic circuits on the Si platform. The DF model can be used to determine related optical constants, e.g., the index of refraction, for various doping concentrations and is thus, desirable for such applications. The model will be expected to be applicable to most of the group III-V and IV semiconductors, such as InP which has a similar band structure to the GaAs but having a smaller spin-orbit splitting energy, i.e., D 0 ðInPÞ ¼ 0:108 eV. 23 
II. THEORETICAL MODELS
As the real (e 1 ) and imaginary (e 2 ) components of the DF are connected by the Kramers-Kronig (KK) relations, the calculation of e 2 needs to consider optical processes in the entire spectral range to accurately determine the e 1 . The DF model including BB transitions above the bandgap and IVB transitions, FC and lattice absorption below the bandgap will be addressed in this Section. 
where E is the photon energy, h is the Planck constant, e and m 0 are the charge and mass of a free electron, e 0 is the vacuum permittivity, k is the wave vector at which hole transitions are occurring,ê is a unit vector in the direction of the optical electric field, p ij is the momentum matrix element, the d function denotes energy conservation involved, E iðjÞ ðkÞ is the energy of states for band i(j), and f iðjÞ is the hole Fermi-Dirac (FD) distribution function representing occupation probability. A factor of two due to two-fold spin degeneracy is not explicitly included. Therefore, i and j represent the indices of energy states with different spin states distinguished for one band. The momentum matrix element depends on the polarization of the optical electromagnetic field. In a bulk material, photons interact with electrons with k pointing all kinds of directions. The resulting matrix element should be averaged with respect to the solid angle dX given bŷ
P x is defined as the matrix element of the momentum operator between the s-like ( si j ) and p-like wave functions ( xi j , yi j and zi j ), and associated with energy parameter E P . F if ðkÞ is a dimensionless quantity. The d function in Eq. (1) can be integrated out, resulting in a two-dimensional (2D) integration over a constant-energy surface. For each IVB transitions, only F ij is related to the energy states as associated bands are in two-fold spin degeneracy. As such, total IVB contributions can be expressed as e 2 ðEÞ ¼ e 
where the terms in order correspond to the lh-hh, so-hh and so-lh transitions, respectively, with the form
in which C 0 ¼ h 2 e 2 E P =ð16p 2 e 0 m 0 Þ and indices aðbÞ ¼ 1, 2 and 3 denote the hh, lh and so bands, respectively. The choice for the combinations of a and b has been shown in Eq. (3). dS k is the elemental area on the constant-energy surface, and $ k EðkÞ is the gradient of transition energy. The Fermi-Dirac distribution function for holes f aðbÞ is only determined by the energy with the expression f aðbÞ
, where E f is the energy of the hole quasi-Fermi level. Notice that k is determined in terms of E a ðkÞ À E b ðkÞ ¼ E. For one k value, there are two degenerated energy states in each bands. F ab ðkÞ is thus, defined as the summation P i;j F ij ðkÞ with i and j the energy-state indices. As for one transition from band a to band b, contributions from four transitions are summed to calculate the F ab .
To deduce analytical form of Eq. (4), approximation to F ab ðkÞ is required. To view the variation of F ab with the wave vector k, the k Á p method based on an 8 Â 8 Hamiltonian reported by Bahder 24 was used to compute F ab as shown in Fig. 1 . Around the C point (k ¼ 0), F ab ðkÞ is approximately proportional to k 2 , which is the similar result of isotropic parabolic-band approximation used by Kahn. 20 Assuming F ab ðkÞ ¼ B ab k 2 and the parabolic-band structure 
Here, p is the hole concentration. A ab and C ab FD have the following expressions,
with N v the sum of hh and lh effective density of states calculated by
Þ. For low doping concentrations, E f lies above the VB top, yielding C ab FD % 1, which is the case of applying the Boltzmann statistics. 20 Notice that constant m Ã used in parabolic-band approximation gives fixed values of A ab . Whereas, the nonparabolicity as in the actual VBs off the C point causes varied m Ã and hence A ab . At wave vectors where hole transitions will see the parallel bands, A ab can be significantly increased.
As shown in Fig. 1(d) , F 12 has a maximum value. At high photon energies (large k), F 12 is reduced as k increases.
In parabolic band approximation, such behavior is considered by setting a cutoff energy D c for the lh-hh transition above which the F 12 is set to zero. In terms of fitting results (see Fig. 3 ), the D c corresponds to k values greater than the maxima in Fig. 1 (8) in which L ab is a broadening function with the Lorentzian line shape,
where C ab is a broadening constant. In addition to the Lorentzian function, Gaussian 13, 25 and Sech 26 functions have been also used as the broadening line shapes according to the underneath mechanisms. It was believed that crystal strain and impurities cause the Gaussian broadening, 13, 25 while the radiative lifetime broadening and thermal effects have the Lorentzian nature. However, a critical difference from one to one is not evident. For instance, the Lorentzian broadening was successfully applied for IVB transitions. 11, 12 The actual situation could be a mixing effect in one experiment, e.g., impurities, thermal effects etc., which obscures the difference. In our case, a Lorentzian lineshape function [Eq. (9)] was applied to p-type GaAs by following previous works on highly doped GaAs. 11, 12 For Ge 1Ày Sn y on Si substrates, the presence of a tensile strain of 0.15% in the film results in best fit with a Gaussian line, 
where r ab is a Gaussian broadening parameter.
B. The contributions of BB transitions to the DF
The BB transitions take place at photon energies greater than the bandgap and influence the DF in the region below the bandgap via the KK relations. The absorption lines around the CPs are usually affected by the electron-hole Coulomb attraction which results in discrete excitonic lines below the CP edge. For high temperatures (e.g., room temperatures) or in intentionally doped semiconductors, the excitonic effects can be strongly damped leaving the Coulomb enhancement effects on the BB transitions, which is known as the band-to-band Coulomb enhancement (BBCE) effects. 4 Elliott 2 and several others 3,4 considered such effects and are thus, adopted here. In the following, the DF is calculated by summing contributions from three sets of CPs. Detailed discussions can be found in Refs. 2-4. For the E 0 transition, e 2 is given by 3 e 2 ðEÞ ¼ 2pA
R 0 is the effective Rydberg energy, h is the Heaviside function. The broadening will follow the Lorentzian formula Eqs. (8) and (9) . For excitonic continuum and discrete lines, broadening constants are named as C 0 and C ex n;0 , respectively, with the relationship C 
is the 2D Rydberg energy. For the E 1 transitions, same broadening for excitonic continuum and discrete lines was used as C 1 (Ref. 4) . Also, the DF for the E 1 þ D 1 transition has a similar form to Eq. (12) with the replacement (11) and (12) will be integrated during applying the broadening formula (Eq. 8). The DF calculated here follows the works of Tanguy, 3 i.e., Eqs. (1) and (3) 
where v j ¼ E=E j , E j is the transition energy, F(j) and cðjÞ are the dimensionless strength and damping constant, respectively.
C. FC and lattice absorption
The interaction of photons with phonons and free carriers falls into the far infrared region. The coupling of electromagnetic waves to the transverse optical (TO) phonon modes in a polar crystal can be modeled as harmonic oscillators, 5 while treatment of FC absorption with the Drude theory 5 has resulted in good agreement with experiments. 9 The resultant DF have the following form as reported previously: [7] [8] [9] eðxÞ ¼ e 1 
where x is the light frequency in wave numbers, e 1 is the high-frequency dielectric constant, x p and c are the plasmon frequency and damping constant, x TO and C are the TO phonon frequency and damping constant. TO has been applied. e s is the static dielectric constant and x LO is the longitudinal optical (LO) phonon frequency. For nonpolar semiconductors, such as the group IV semiconductors, the LO and TO modes have the same value giving a trivial contribution. For alloyed materials, e.g., Al x Ga 1Àx As, simple sums of multiple phonon terms with different frequency and strength for individual Al-As and Ga-As bonds can be applied. 9 Notice that the frequency in Eq. (14) is defined as the inverse of wavelength (in cm À1 ). The plasma frequency and damping constant are thus expressed by
and Fig. 5 , is adopted from Ref. 13. with m Ã the effective mass, and hsi the average scattering time which is related to the damping constant by c ¼ 1=2pchsi. A factor ð2pcÞ is used to convert the unit of s À1 to cm À1 . The effective mass is taken as an average of hh and lh masses,
hh Þ. In Eq. (16), l IR represents an optical estimate of the hole mobility which differs the measured mobility in Hall measurements by a factor r Hall , as discussed by Songprakob et al. 12 The values of r Hall used in calculations will be described in Sec. III A.
D. The total DF of p-type semiconductors As required by KK relations being satisfied between the e 1 and e 2 , e 2 was calculated by summing all contributions from IVB transitions [Eq. (4) or (5)], BB transitions [Eqs. (11) , (12) and (13)], FC and lattice absorption (Eq. 14) and then introducing the broadening (Eq. 8). The e 1 was then computed via the KK relationships, i.e.,
where P denotes the principal value of the integral. A constant e 11 (Ref. 4 ), which could be other than unity, was used to account for the vacuum plus contributions from other higher-lying transitions not considered in the DF. Each optical processes under consideration have the individual dominating rang within which major contributions to the DF are involved. To calculate the IVB DF, the DF in undoped materials with BB and phonon contribution alone is firstly determined.
III. RESULTS AND DISCUSSIONS
Adjustable constants in the DF model (e.g., A ab , C ab for IVB transitions, A, B, C 1 , C 2 and C 0 , C so , C 1 , C D 1 for BB transitions) were determined by comparing resultant model spectra with the experimental curves. Direct fit can be applied to the measured DF data. Whereas, infrared measurements with respect to absorption (A), reflection (R) and transmission (T) (A ¼ 1 À R À T) are used instead in the situation where DF data are unavailable.
The calculations of A-R-T spectra generally concerns specific configuration of a structure consisted of multiple layers. For the case of thin films on a thick substrate (in the order of magnitude of 10 2 lm), calculations based on an intensity-transfer-matrix method (ITMM) can be carried out. A detailed description can be found in Ref. 12 . In this method, the stratified films are dealt with a regular transfer-matrix method (TMM) 27 while multiple reflected beams from the substrate surfaces are added incoherently to neglect the phase information.
The analytical DF model was first applied to p-type GaAs. The undoped GaAs has been studied to a large extent with the well-measured DF data. After the determination of fitting parameters for BB transitions, fit to infrared spectra of p-type GaAs was made using the ITMM. The final DF was calculated in the spectral range between 0.01-6eV for doping concentrations up to 10 20 cm À3 . Thereafter, the model was applied to a group IV material, Ge 1Ày Sn y . All experimental data are implied to be taken at room temperature.
A. Application of the DF model to p-type GaAs
The main contributions to the DF in undoped GaAs come from BB transitions and the lattice absorption. Based on the DF model in Sec. II B and the phonon calculation in Sec. II C, a fit to the DF data taken from Zollner's work 28 is shown in the insets of Fig. 4 . Table I lists the resulting parameters. A linear increased broadening constant 29 with the doping for the E 0 transition has been used, which was obtained by fitting the experimental data of refract index of p-type GaAs measured by Sell et al. 30 The phonon parameters listed in Table II are taken from standard database 31 and remain fixed for all doped samples. 9 Calculations involving both BB and phonon contributions allow an accurate determination on the refractive index up to the far infrared region as shown in Fig. 8(a) . The efforts in modeling the DF of undoped GaAs provide a baseline above which additional features in the presence of free holes account for IVB contributions.
As no experimental DF data are available for p-type GaAs, A-R-T measurements are adopted. Three 1 lm-thick p-type Al 0:01 Ga 0:99 As epilayers 9 grown on 520-lm-thick, double-side polished, semi-insulating GaAs (100) substrates were employed. The films were doped with Be at 3:0 Â 10 18 , 4:7 Â 10 18 and 7:1 Â 10 18 cm À3 , respectively. Figure 2 plots the infrared spectra measured using a Perkin-Elmer system 2000 Fourier Transform InfraRed (FTIR) spectrometer. Also shown are the data from the works of Braunstein 32 and Songprakob et al. 12 with which a doping range of up to 10 20 cm
À3
can be covered. The Al fraction of 0.01 will cause an increase of 15 meV in the fundamental band gap. 23 According changes in VB-related parameters are small, e.g., the reduction of D 0 less than one meV, 23 and can be neglected. Also previous work in the far infrared region 9 has shown negligible AlAs-like phonon effects, which allows the samples to be modeled as p-type GaAs.
The FC contribution was calculated with the parameters of plasma frequency and damping constant [Eq. (14)].
Related calculations are the determination of averaged effective mass (Table III) 12 In this work, r Hall is set to one except calculations (only for the mobility) on the spectra from Songprakob's work 12 where r Hall varying between 1.2-1.4 was used. IVB parameters are determined by fitting the calculated results to the measured A-R-T spectra of the p-type GaAs samples. The total DF including the IVB contributions yields the refractive index and extinction coefficient by which the values of A and R were calculated using the ITMM. A good agreement between the theoretical and experimental spectra was achieved as shown in Fig. 2 . Table III and Fig. 3 list the fitting parameters. As the so-lh transitions are relatively weak compared with other IVB transitions, the broadening constant cannot be well determined and was thus, assumed to the same as the so-hh transition. In view of the results, the so-hh transition has a larger broadening constant than the lhhh transition. The difference is enlarged in highly doped samples where the line-shape of the lh-hh transition remains in contrast to the nearly invisible so-hh peak (Fig. 7) . As a result of the shifting deep into the VBs of the Fermi level, D c slowly increases with the increasing of doping concentrations (Fig. 3) . This is reasonable since the energy of transitions occurring around the Fermi surface shifts toward the higher values. As can be seen in Fig. 3 , the strength parameter A 12 for the lh-hh transition increases at the high doping levels. Assuming doping in the materials without changing the VB structure (rigid band structure), for p-type GaAs at room temperature the Fermi level lies below the VB top when the doping level is greater than 8 Â 10 18 cm À3 . The resultant effect is a high amount of holes being populated into the high-energy states. At p ¼ 3 Â 10 19 cm À3 , the k values of the energy states around the Fermi surface correspond to the wave vectors at which the lh and hh bands start to run in parallel [see Fig. 1(b) ]. The associated transitions thus, produce a higher value of strength since A 12 [Eq. (6) ] is proportional to the inverse difference in the hh and lh effective mass. Based on the fitting parameters, the total DF for a variety of doping concentrations up to 10 20 cm À3 was calculated as shown in Fig. 4 . The FC effects depress down the e 1 in general. A strong feature at the low-energy side is due to the phonon absorption. According to the Drude term in Eq. (14), FC absorption exhibits a 1=E 2 behavior which can be seen from the decreasing (or increasing) of the e 1 (or e 2 ) with reducing the photon energies. Both the FC and phonon absorption have the strong effects on the DF in the far infrared region, mostly greater than 10 lm. The IVB dominating range can be viewed approximately from the spin-orbit splitting energies, D 0 (0.224eV) 34 and D 1 (0.341eV) 23 for GaAs. The lh-hh transition primarily occurs below D 1 , while the sohh transition requires a higher photon energy than D 0 . The so-lh transition is relatively weak due to the low occupation of the holes in the lh band. Therefore, the main region of IVB transitions is between 0.1-1.0 eV. The effects of IVB transitions on the variation of absorption and refractive index with the doping concentrations will be discussed in Sec. III C.
B. Application of the DF model to p-type Ge 1Ày Sn y
The investigation of optical properties on heavily doped p-type Ge 1Ày Sn y was recently reported by D'Costa et al. 13 A direct measurement on the DF was performed using the infrared spectroscopic ellipsometry (SE). This material systems would be of interest in optical communication field as a reduction in bandgap of Ge can be achieved by increasing the Sn fraction. Additional advantages are the capability of growth on the Si substrate, which is favorable for realizing the monolithic OptoElectronic Integrated Circuit (OEIC). The investigation of the optical constants will favor such applications.
The DF model presented in Sec. II A is expected to be applicable to p-type Ge 1Ày Sn y as its band structure (diamond type) resembles the one of GaAs (Zinc-blende type). The difference is the lack of inversion symmetry in the Zinc-blende semiconductors as compared with the diamond structures, which gives nonzero linear k terms in the E-k relationship when expanded into polynomial k terms around the VB top. This causes the maxima of the hh band slightly off the C point along the h111i direction. However, such a difference in band structure is indistinguishable in optical properties under investigation.
Using a similar procedure in the case of p-type GaAs, the DF parameters for BB transitions were firstly determined by fitting the experimental spectra of undoped materials taken from D'Costa's measurements. 35 Also a fit to undoped Ge using Aspnes's data 36 was carried out for comparison. Then IVB contributions were added to the model for p-type samples. 13 The resultant spectra are shown in Fig. 5 . Table I , III and Fig. 3 summarize the fitting parameters. Notice that a fixed broadening constant for the E 0 transition was used here for p-type Ge 0:98 Sn 0:02 . The related effects cause the flattening of the E 0 transition and can be actually neglected when it comes to the region well below the fundamental bandgap. For comparison, the DF of two p-type Ge samples was also computed by fitting the absorption spectra taken from the works of Kaiser and Newman. 21, 37 The difference in the DF and hence, the CP parameters between undoped Ge and Ge 0:98 Sn 0:02 is small due to a small Sn fraction, as shown in insets of Fig. 5 and Table I . As can be seen in Fig. 3 , the IVB broadening constants for p-type Ge samples follow the pattern of Ge 0:98 Sn 0:02 . However, the strength parameter A 12 in p-type Ge 0:98 Sn 0:02 increases with the doping as opposed to fixed values in p-type Ge. The reason is similar to the one previously discussed in the case of p-type GaAs (Sec. III A). An added effect is related to the presence of tensile strain ($ 0:15%) in the film. A strain can produce the warping 38 of hh and lh bands near the C point, which makes them almost parallel. When the doping level is high enough, a higher value of A 12 can be resulted in terms of Eq. (6). This could be the reason for observing higher DF and the absorption coefficient of p-type Ge 0:98 Sn 0:02 (shown in Figs. 6 and 7 , respectively) in comparison with the same doping level of p-type GaAs.
The variation of the DF with the doping as shown in Fig. 5 is similar to the p-type GaAs, where the dominating IVB region is within 0.1-1 eV. The IVB effects will be further discussed in the following Section.
C. Effects of IVB transitions
The SE measurement has showed similar spin-orbit splitting energies of Ge 0:98 Sn 0:02 35 to those of GaAs on the topmost VBs. Therefore, IVB transitions in both materials dominate the spectral range between 0.1-1.0eV as calculated by the DF model in Secs. III A and III B. The strength of IVB transitions is related to the concentration of the free holes and hence in competition with intra-band FC absorption. 12 The IVB contributions and FC absorption can be separated based on the present model. Figure 6 shows the calculated DF by IVB transitions alone. As GaAs and Ge 0:98 Sn 0:02 have the similar spin-orbit splittings, the lh-hh and so-hh transitions cause individual peaks in the energy range for both materials, i.e., 0.1-0.3 eV and 0.4-0.8 eV, respectively. The total absorption coefficient is plotted in Fig. 7 where comparisons to experimental data show a good agreement. For samples with low doping levels, three peaks corresponding to the lh-hh, so-hh and so-lh transitions, respectively, can be identified. With increasing the doping, high damping occurs for the so-hh transition. The dependence of absorption coefficient on the doping concentrations exhibits a linear relationship shown in the insets of Fig. 7 . As the absorption range spans a broad spectral region, the p-doped materials are of interest for infrared detection. 15, 16 For semiconductor device designs, an accurate model for the refractive index is crucial, e.g., for determining the optical field distribution in a structure. Stern 39 has considered the doping effects on the refractive index of p-type samples (for energies near the fundamental bandgap) by estimating IVB transitions from the limited experimental absorption data. Nevertheless, the estimation shows IVB contributions exceed the FC absorption. By using the DF model, the spectra of refractive index can be easily calculated as shown in Fig. 8 . For the undoped GaAs, a good agreement between the theoretical and experimental values was achieved. With the doping, the refractive index is reduced with a strong reduction at high levels and low photon energies. Also shown is the data calculated by Huang et al. 40 for wavelengths at 1.06, 1.30 and 1.55 lm. A strong reduction when the photon energies shift toward low values is the result of high absorption either due to IVB transitions or due to FC absorption. For semiconductor devices, the operating wavelength could be selected at low absorption region where the index of refraction has a little change from the undoped materials. However, several crucial spectral regions, e.g., the 8-14 lm atmospheric window, fall into the IVB scope in which the refractive index are sensitive to the doping concentrations. Therefore, a proper consideration with the IVB contributions is necessary. The presented DF model and yielded optical constants will be useful for modeling semiconductor structures.
IV. SUMMARY
To summarize, a DF model for IVB transitions has been deduced with the analytical expressions under the parabolicband approximation. The model also incorporated contributions from BB transitions, FC and lattice absorption, each of which dominates at different spectral ranges. The total DF thus, determines related optical constants in the spectral range from the ultraviolet (UV) to the infrared (IR) region. The DF of p-type GaAs and Ge 1Ày Sn y has been determined by fitting the experimental data, showing dominating IVB range between 0.1-1eV in accordance with the spin-orbit splitting energies of the VBs. The fitting to these two materials with different crystal structures shows the DF can be modeled under the parabolic-band approximation for doping levels up to 10 20 cm À3 . The model is also expected to be applicable to other group III-V and IV semiconductors since their valence band structures resemble the ones under investigation. The obtained DF and related optical constants, such as the absorption coefficient and the index of refraction, are useful for designing devices, such as p-type GaAs for infrared detection as recently demonstrated, 15, 16 whereas, the applications of Ge 1Ày Sn y for optoelectronic devices will need the optical constants as did in the work.
